Background
==========

Modeling cell growth and estimating curve parameters from data is a common task in areas ranging from microbiology to oncology.

In microbiology studies, maximal growth rate and maximal biomass are probably the two best studied bacterial growth properties. In a nutshell, these physiological properties provide a rough reflection of how well a bacterium cell benefits from a particular set of nutrients. Thus, they can be used to guide a myriad of applications. One such example, is the utilization of growth rate maximization as an objective in constraint-based reconstruction and analysis of metabolic networks.

In oncology, it is also crucial to model tumors growth and understand their dynamics under different internal and external perturbations. For example, linking growth parameters with pharmacokinetic-pharmacodynamic (PK/PD) models can help predicting the responses of tumor dynamics when exposed to distinct drug regimes \[[@B1]\]. This knowledge can be further used to optimize the design of new experiments and support preclinical development of oncology drugs.

Hence, it is relevant for experimentalists to extract these key parameters from curves in order to characterize cell and tissue physiology, such as maximum growth rates, lag phase and asymptotic maximum OD. Furthermore, it is also interesting to be able to compare fittings obtained with different models. Due to the development of high-throughput techniques, the amount of data being generated is growing fast, hindering their management in large collaborative projects and also hampering model identification procedures.

Several dynamic models based on differential and algebraic equations have already been proposed and are extensively used in these fields. These include sigmoidlike curves such as Logistic, Gompertz, Richards, Schnute and Stannard \[[@B2],[@B3]\]. The fitting of these curves to growth data is usually performed using in-house software or freely available tools. These include DMFit (available at <http://www.ifr.ac.uk/safety/dmfit/>) and GInaFiT \[[@B4]\], which offer an Excel add-in to model data according to several implemented dynamic models, along with packages provided for software R, namely *grofit*\[[@B5]\] and *cellGrowth* in Bioconductor. Other tools such as MicroHibr (<http://www.microhibro.com/>) are available as a web-application but with limited functionality. Recently developed databases such as ComBase \[[@B6]\] and LabBase \[[@B7]\] try to aggregate and store time-series of bacterial growth under several experimental conditions, serving as benchmarks for Predictive Microbiology.

Although dynamic models and databases for biological growth data have now reached a mature state, there is still no easy-to-use software, to our knowledge, that allows experimentalists not familiar with computational tools to extract relevant parameters in an easy and automated way and simultaneously efficiently manage their data. This constitutes the main motivation for the development of BGFit, which further allows to integrate more sophisticated and complex models, both algebraic and differential, due to its flexible and expandable architecture. Its main utility is thus to provide a user-friendly web-service that couples database management with model inference, with expected applicability in several areas of research. The examples here provided (data available for illustrative purposes in the webpage) include Microbiology projects, with the estimation of bacterial growth curves under different sugars, and Oncology, where models for the time evolution of carcinoma weight are inferred.

Implementation
==============

BGFit web-application serves both as: (i) an automated fitting tool for experimental data using an extensible set of dynamic models through a distributed architecture and; (ii) a data repository that stores and manages experimental data.

The data modeling features allow users to choose a dynamic model and estimate the parameters that best describe the dataset. With this information BGFit simulates the estimated curve and presents the results in a chart along with the original dataset and goodness-of-fit measures.

This automated process can be applied to single dataset, or to a collection that aggregates similar or complementary data, such as replicates of an experiment. This provides both a global view on aggregated data and a fine control on specific measurements.

BGFit's repository of dynamic models allow users to apply their own models, as well as take advantage of an existing and expandable set of contributed models, each bestowing to a richer environment. With this functionality it is possible to compare the results of different fittings in a single dashboard. The models currently implemented are Baranyi, Gompertz, Logistic and Richards models \[[@B2],[@B8]\], first and second order polynomial regression, exponential decay, Lumry-Eyring - LENP type Ib (ODE) \[[@B9]\] for modeling the kinetics of irreversible protein aggregation, Hyperbolastic growth model of type III (H3) \[[@B10]\] and Live Cell Fraction model \[[@B11],[@B12]\]. To complement the dynamic modeling feature, users can also apply manual regression on the data, traditionally performed as a linear fitting in logarithmic scale.

While not intended to be exhaustive, this list implements a wide set of algebraic and differential models that are used in many areas or research and serves as a support for future expansions by users.

The data-management features supports the modeling process and facilitates the collaboration by creating a central point of access. One of the motivations for this application is the need to have a better workflow for collaboration, avoiding the exchange of files using traditional methods, such as emails and shared folders. Thus, BGFit features a hiearchical-based data storage where users can define their own teams and attribute read/write permissions accordingly. Additionally the public scope can also be defined, allowing to openly share and publish the data online.

All the input data and results, such as the time series, estimated parameters, model simulations and charts, are available for direct download to further analysis.

The entire source code for BGFit and the implemented models are available online, as well as the instruction to setup a fully functional installation locally. This addresses data confidentiality by allowing each laboratory to keep a local BGFit version for private projects.

Architecture and data structure
-------------------------------

BGFit is developed using open-source frameworks and free libraries allowing for a high degree of flexibility and creating a modular system constituted by Ruby on Rails, MySQL, Octave, MathJax and Google Chart Tools.

The application is designed using a model-view-controller architecture effectively separating data-management and dynamic modeling that is performed using extensions that are decoupled from the web-application.

The modelling extensions only require the implementation of the necessary interface and for it to be deployed on a location that is accessible by BGFit. This approach allows for every component of BGFit to be deployed online, encouraging collaboration and the reutilization of these tools. It can also be used in a local installation while keeping the access to all the developed models.

Input data is stored using a hierarchical-based organization with three different layers. The top-level layer, *project*, defines global properties for the project, such as user permissions and whether it is publicly available. The middle layer, *experiments*, aggregates the different results in folders. The bottom layer, *measurements*, is the user's actual data and can store 3-dimensional annotated data, although only the first two dimensions are used in the modeling extensions for now (Figure [1](#F1){ref-type="fig"}). BGFit represents a central repository for data, models and fittings.

![**BGFit architecture.** BGFit is designed using a model-view-controller architecture and the data is organized hierarchically into projects, experiments and measurements. Users can introduce their data through the web-based platform, while other collaborators independently fit any implemented model. BGFit was developed using Ruby on Rails web-framework, MySQL, Octave/MATLAB and Google Chart Tools.](1471-2105-14-283-1){#F1}

Modelling extensions
--------------------

One of the strengths of BGFit is that it allows to easily expand the dynamic models. Modeling the data in the application is performed through a REpresentational State Transfer (REST) web-service that receives a set of parameters as input and returns the function's result.

The web-service should support two functions and a baseline for comparisons between different models, e.g., root mean square error (RMSE): 1) Parameter estimation - which takes the data-points, such as time series, a range set for the parameters and outputs the estimated parameters using linear/nonlinear regression and 2) Model simulation - that receives a set of parameters for the model as input and returns a simulated curve.

The modeling extension should implement these functions to be fully compliant. This approach forces a strict interface for communication, but on the other hand, it offers flexibility on the implementation of the model as it is technological agnostic.

The necessary technical documents, templates and examples are fully described in the Model Blackbox public repository (<https://github.com/averissimo/model_blackbox>), providing a starting point for users to create and implement their own interface-compliant models.

The available templates offer two approaches implemented in Octave and Matlab's numerical computing environments, either as a script for Octave, making it possible to deploy the modeling extensions without any licensing issues, or as a standalone application for Matlab, taking advantage of SBToolbox2 \[[@B13]\] functions.

Results and discussion
======================

In order to illustrate the organization of the data and how to retrieve the available information, we will exemplify the application of BGFit tool in two different projects: 1) bacterial growth fitting and 2) tumor cell growth. The data is available at the webpage, along with all the necessary documentation. (see also Additional file [1](#S1){ref-type="supplementary-material"})

In Table [1](#T1){ref-type="table"} some of the models implemented in BGFit are shown.

###### 

Some models implemented in BGFit

                **Name**                                                                                                                                                **Equation**                                                                                                                                     **Reference**
  ------------------------------------ ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------ -------------------
   Hyperbolastic growth type III (H3)                                                                                                                                $$\begin{array}{l}                                                                                                                                   \[[@B10]\]
                                                         {P\left( t \right)\mspace{360mu} = \mspace{360mu} M\mspace{360mu} - \mspace{360mu}\alpha\mspace{360mu}\text{exp}\mspace{360mu}\left( - \delta t^{\gamma}\mspace{360mu} - \mspace{360mu}\text{arcsinh}\left( \theta t \right) \right),} \\                    
                                                         {\qquad\alpha\mspace{360mu} = \mspace{360mu}\left( M\mspace{360mu} - \mspace{360mu} P_{0} \right)\mspace{360mu}\text{exp}\left( \delta t_{0}^{\gamma} + \mspace{360mu}\text{arcsinh}\mspace{360mu}\left( \theta t_{0} \right) \right)} \\                    
                                                                                                                                                                       \end{array}$$                                                                                                                                  
           Live Cell Fraction                                                  $\frac{\textit{dr}}{\textit{dt}} = r\left( t \right)/3 \cdot \left( \left( \alpha + \delta \right) \cdot 3 \cdot \lambda/\left( 3 \cdot \lambda + r\left( t \right) \right) - \delta \right)$                                           \[[@B11],[@B12]\]
                Baranyi                                                                                                                                              $$\begin{array}{l}                                                                                                                                    \[[@B8]\]
                                                                                                 {y\left( t \right) = y_{0} + \mu_{\text{max}}t + \frac{1}{\mu_{\text{max}}}\ln\left( {e^{- v \cdot t} + e^{- h_{0}} - e^{- v \cdot t - h_{0}}} \right)} \\                                                           
                                                                {\mspace{45mu} - \frac{1}{m}\ln\left( {1 + \frac{e^{m \cdot \mu_{\text{max}}t + \frac{1}{\mu_{\text{max}}}\ln{({e^{- v \cdot t} + e^{- h_{0} - e^{- v \cdot t - h_{0}}}})} - 1}}{e^{m(y_{\text{max}} - y_{0})}}} \right)} \\                          
                                                                                                                                                                       \end{array}$$                                                                                                                                  
                                                                                                                                                                                                                                                                                                                                
                Gompertz                $y\left( t \right)\mspace{360mu} = \mspace{360mu} A\mspace{360mu} \cdot \mspace{360mu}\text{exp}\mspace{360mu}\left\{ {{- \text{exp}\mspace{360mu}\left\lbrack {\frac{\mu_{\text{max}} \cdot e}{A}\left( {\lambda - t} \right) + 1} \right\rbrack},\mspace{360mu}} \right\}$       \[[@B2]\]

Figure [2](#F2){ref-type="fig"} illustrates several features of BGFit. Panel A) represents a specific model overview webpage (Hyperbolastic growth), where the user can define the algebraic or differential equation, along with all the detailed description regarding the parameters, such as the expected search range values and which of them represent initial conditions. The source code for estimation and simulation is automatically generated, thus expanding the model collection currently available. In this page the user can also download all the statistical data of the fittings performed. Panel B) shows one measurement fitted with different models, including a manual regression, allowing to compare them graphically and numerically. The simulations are plotted along with the original experimental data, further supporting visual inspection of the results. Panel C) illustrates the simultaneous estimation of different measurements of the same experiment. This allows to fit a model to several replicates, useful for finding an average model for similar experimental conditions. Panel D) shows all the estimation results obtained for a given model, allowing the user to download the information in a CSV file.

![**BGFit modeling examples.** Screenshoots of BGFit application, illustrating different features of the tool. **A)** Model definition -- example on the Hyperbolastic growth model of type III (H3) description. **B)** Single measurement fitting -- comparison between several models for the same time-series growth data on bacterial growth curves. **C)** Aggregated experiment fitting -- illustrated the simultaneous estimation of several measurements or replicates of the same experiment. **D)** Aggregated estimation results -- shows the model page where the user can assess and download all the information for the estimated projects.](1471-2105-14-283-2){#F2}

The results obtained by BGFit are in good agreement with previous estimation procedures and are made directly available at the webpage for further analysis.

In particular, we have compared our results with published data and also with R software package *grofit*\[[@B5]\], to demonstrate the consistency of the obtained fittings.

More specifically, we have used as a first testing set the time evolution of the weight of Solid Ehrlich Carcinoma treated with combined IAA and DMSO described in \[[@B10]\]. These data were fitted with a hyperbolastic growth model of type III (H3), proposed by Eby and colleagues. Regarding this comparison, BGFit returned similar results. The parameters reported in the original paper were (*M*=7.533, *δ*=3.594·10^−9^, *γ*=4.712 and *θ*=0.004, RMSE=0.07264) and those obtained by BGFit were (*M*=7.547, *δ*=5.103·10^−9^, *γ*=4.630 and *θ*=0.004, RMSE=0.066), showing an excellent agreement. BGFit estimation slightly improved the previous fitting, related with a better adjustment of the curve in the initial phase (see figures at <http://kdbio.inesc-id.pt/bgfit/experiments/113/measurements/270>for details).

The second comparison performed was with the results obtained by state-of-the-art *grofit* package in R \[[@B5]\]. We have used the testing datasets provided upon installation and compared BGFit with *grofit* results on Gompertz and Richards models (see all seven measurements at <http://kdbio.inesc-id.pt/bgfit/projects/62/experiments/146>, along with figures and tables), thus demonstrating the consistency of our results.

The obtained fittings and corresponding comparisons and simulation results are fully available at the webpage under projects *Tumor Growth* and *Comparing BGFit with R* respectively.

Conclusions
===========

The main contributions of BGFit are delivering a platform for automated data modeling of large time-series dataset and providing a baseline for comparison between different models, either novel or already described in the literature.

By designing the application based on a distributed architecture that separates heavy calculations from the data management and repository, computational load is distributed through different locations and network of models. This allows BGFit to scale as the userbase grows.

BGFit supports collaborative projects by providing a central repository which can be used by several teams simultaneously, handling large experimental datasets through a clean and hierarchy-based organization of the data. BGFit allows users to implement and reuse an ever growing network of models, to improve validation of their methods, thus supporting model comparison and selection procedures.

BGFit is designed as a parameter estimation platform for any type of two-dimensional data. Despite being described in the context of cell growth data, the application can easily be used in other areas with different dynamic and algebraic models, such as physical chemistry and econometrics.

Availability and requirements
=============================

**Project name:** BGFit

**Project home page:**<http://kdbio.inesc-id.pt/bgfit>

**Operating system(s):** Platform independent

**Programming language:** Ruby

**Other requirements:** Ruby 1.9.3 or higher

**License:** GNU GPL v2

**Any restrictions to use by non-academics:** Only those imposed already by the license.
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###### Additional file 1

**BGFit complete documentation.** BGFit application full user and technical documentation as in April 2013 (for reference purposes). The most recent version is available at <http://kdbio.inesc-id.pt/bgfit/bgfit_documentation.pdf>

###### 

Click here for file
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